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In this paper, a cancelling system for linear and three nonlinear frequency modulated signals is proposed. 
According to the RCS (Radar Cross Section) characteristic of target, amplitude and phase modulation are 
made to acquire the signal having the same frequency as the echo pulse but with the opposite phase. 
This signal cancels the radar echo signal. The basic theory of active cancellation stealth is introduced. 
Based on two kinds of radar target ﬂuctuation models (Swerling I and Swerling III), the formulas of 
radar detection probability are given. The inﬂuence of amplitude, phase and frequency error on the 
radar detection probability have been discussed. Simulation results show that the technology of active 
cancellation stealth is feasible in theory, it could reduce the radar detection probability.
© 2015 The Authors. Published by Elsevier Masson SAS. This is an open access article under the CC 
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Radar cross section reduction techniques of aircraft generally 
fall into one of four categories [1,2]: materials selection and coat-
ing, target shaping, passive cancellation and active cancellation. 
Active cancellation stealth is a signiﬁcant research direction in the 
ﬁeld of stealth. In contrast with traditional stealth, the radar de-
tection probability of the target to be protected could be reduced 
further by active cancellation stealth [3–6]. The high speed micro-
electronic devices, phased-array antenna techniques, and computer 
processing have made active cancellation stealth techniques more 
feasible and practical.
Two signals in free space may generate coherent interference 
which makes the synthesized signal weaker or stronger. During the 
research of signal cancellation, more attention has been paid to 
radar interference signal or clutter [7–9], acoustic signal [10–12], 
linear frequency modulation pulse compression signal [13,14]. LFM 
pulse compression signal is utilized worldwide in modern radar 
systems. NLFM signal is a general class of continuous phase cod-
ing in which the sweep rate is not restricted to a constant. NLFM 
signals are also applied to many kinds of radar systems [15]. Con-
sequently, the interference on LFM and NFLM radar has become an 
important content of modern electronic techniques.
The earliest expressions for the probability of detection for con-
stant target reﬂections were provided by Marcum [16]. Swerling 
[17] introduced techniques for modelling target ﬂuctuation to ac-
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(http://creativecommons.org/licenses/by-nc-nd/4.0/).count for the usual variation in the target radar cross section. 
He proposed four different models that have been combined and 
generalized by using a parameterized gamma distribution. In this 
work, we present a cancelling system for the LFM and three NLFM 
signals (Taylor window [18], Combination LFM and Tangent-FM 
[19], Stepped NLFM [20]). We also discuss the effect of amplitude, 
phased and frequency error on the radar detection probability un-
der the models Swerling I and Swerling III.
2. LFM signal and NLFM signal
An arbitrary FM chirp signal can be given as
S(t) = a(t)exp[ jϕ(t)] (1)
where a(t) denotes the amplitude modulation function, ϕ(t) de-
notes the phase modulation function, and the corresponding in-
stantaneous frequency function is
f (t) = 1
2π
dϕ
dt
(2)
Suppose the envelope is rectangular, then we have a(t) = 1.
The expression of complex baseband signal of LFM is [13]
S(t) = exp( jπμt2) (3)
where μ = B/T is called as slope of frequency modulation, B is 
the bandwidth, T is the pulse duration.
To generate the NLFM signal, it is necessary to obtain the fre-
quency function f (t) which determines the spectrum shape. In this 
paper, we consider three different NLFM waveforms as follows:ss article under the CC BY-NC-ND license 
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Optimal setting of α and γ .
Name α γ
B ≥ 35T 0.88 ≤ α ≤ 0.94 1.42 ≤ γ ≤ 1.52
For small bandwidth chirps 0.88 ≤ α ≤ 1 or 0.66 ≤ α ≤ 0.84 0.6 ≤ γ ≤ 1.08 or 1.12 ≤ γ ≤ 1.44
Fig. 1. Block diagram of cancellation signal.(1) Taylor window shape
The Taylor weighting function f (t) can be expressed in Fourier se-
ries as follows
f (t) = Bt
T
− B
2
+
∞∑
n=1
A(n)B sin
(
2πnt
T
)
(4)
where A(n) is the coeﬃcient of the inﬁnite series. In practice, 
Eq. (4) can be terminated at ﬁnite terms. Therefore, the phase 
function is given by
ϕ(t) = π Bt
2
T
+ 2BT
N∑
n=1
A(n)
n
sin2
(
πnt
T
)
(5)
where N = 10.
(2) Combination of LFM and Tangent-FM
The frequency modulation function in radians of the combination 
of LFM and Tangent-FM function can be written as
dϕ
dt
= π B
[
α
tanγ
tan
(
2γ t
T
)
+ 2(1− α)t
T
]
(6)
where the constant γ controls the proportion of the tangent curve 
which is used and α controls the balance between LFM and 
Tangent-FM. The optimal setting of α and γ for various range 
bandwidth chirps are shown in Table 1 [21].
Integrating Eq. (6), we get
ϕ(t) = π B
T
(1− α)t2 − π BαT
2γ tanγ
ln
∣∣∣∣cos 2γT t
∣∣∣∣ (7)
(3) Stepped NLFM waveform
Let the nonlinear frequency characteristic of the evaluated signal 
be expressed as
f (t) = t
T
[
BL + BC√
1− 4t2/T 2
]
(8)
where BL is the total frequency sweep of the LFM part and BC is 
the total frequency sweep of the NLFM part. The phase modulation 
function is given byϕ(t) = π BLt
2
T
− π BC
√(
T
2
)2
− t2 (9)
3. LFM and NLFM signal cancelling system
The block diagram of the LFM and NLFM signal cancelling sys-
tem is shown in Fig. 1. Since the variations of radar signal fre-
quency and target’s attitude, the echo phase modulation changes 
as time varies. The variation of signal frequency of radar can be 
detected by radar detector system, and the variation of target’s at-
titude can be got from its complex RCS.
In Fig. 1, S(t) represents the transmitted radar signal, SC (t) is 
the cancellation signal, e(t1) is the jamming signal. τ1 is the time 
delay between the time when the radar signal is received and the 
time when the cancellation signal is transmitted. τ is the jam-
mer processing delay time. The functions of this system mainly 
include two parts: on one hand, after down conversation, the radar 
signal is sent to a digital radio frequency memory (DRFM) storage 
[14]. On the other hand, the delay time τ1 at a particular instant of 
time t1 is controlled by the ﬁeld programmable gate array (FPGA) 
chip, and the received signal is multiplied by the conjugation of its 
delayed version (τ is also controlled by FPGA). Then, multiplying 
the results to obtain the jamming signal. Based on the target’s RCS, 
amplitude and phase modulation are made in order to obtain the 
signal having the same amplitude and frequency as the echo pulse 
but with the opposite phase [4,13]. This signal cancels the radar 
echo signals.
The position of targets includes range, angle are obtained by 
using the block diagram of signal processing which is given by 
Fig. 2 in details. The target’s range, R , is calculated by measur-
ing the time delay t , it takes a pulse to travel the two-way path 
between radar and target. The system uses Doppler frequency to 
obtain the target radial velocity, as well as to distinguish between 
moving and stationary objects such as clutter. The amplitude and 
phase information of the radar signal can be got by using the or-
thogonal detector which is shown in Fig. 3.
The jamming signal e(t1) is given by
e(t1) = S(t1) × S∗(t1 − τ) · aRCS · exp
[
j(ϕRCS + π)
]
where ϕRCS and aRCS denote the target’s RCS phase and amplitude 
characteristic, respectively. “∗” denotes the complex conjugate of 
the function. Let S(t1) = S(t − τ1), so the cancellation signal SC (t)
can be expressed as follows
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Fig. 3. Block diagram of orthogonal detector.SC (t) = S(t − τ) × S(t − τ1) × S∗(t − τ1 − τ) × aRCS
× exp[ j(ϕRCS + π)] (10)
Therefore, the cancellation signal for LFM signal can be ob-
tained by substituting Eq. (3) into Eq. (10), the simpliﬁed formula 
form is
SC (t) = S(t)aRCS exp
[
j(ϕRCS + π)
]
exp(− jπμτ1τ) (11)
Similarly, substituting Eq. (5) into Eq. (10), we get the cancellation 
signal for Taylor [22]
SC (t) = S(t)exp
(
− j Bπ
T
τ1τ
)
× exp
(
− jBT
N∑
n=1
A(n)
n
cos
(
nπ
T
(τ − τ1)
))
× exp
(
jBT
N∑
n=1
A(n)
n
cos
(
nπ
T
(τ + τ1 − 2T )
))
× aRCS exp
[
j(ϕRCS + π)
]
(12)
Substituting Eq. (7) into Eq. (10), we attain the cancellation signal 
for combination of LFM and Tangent-FM
SC (t) = S(t)exp
[
j
Bπ
(1− α)τ1τ
]
× aRCS exp
[
j(ϕRCS + π)
]
T× exp
⎡
⎢⎢⎢⎣ j παBT2γ tanγ
×
⎛
⎜⎜⎜⎜⎝ln
∣∣∣∣∣∣∣∣∣∣
1
2
⎛
⎜⎜⎜⎜⎝
1− tan 2γ tT · tan 2γT (t − τ − τ1)
× cos 2γ tT (τ1 − τ)
cos 2γ tT × cos 2γT (t − τ − τ1)
⎞
⎟⎟⎟⎟⎠
∣∣∣∣∣∣∣∣∣∣
⎞
⎟⎟⎟⎟⎠
⎤
⎥⎥⎥⎥⎦
(13)
Finally, the cancellation signal for Stepped NLFM waveform can be 
achieved by substituting Eq. (9) into Eq. (10) as follows
SC (t) = S(t)exp
(
j
π BL
T
τ1τ
)
exp( jπ BC T δ)
× aRCS exp
[
j(ϕRCS + π)
]
(14)
where δ = cos θ + cosφ − cosη − cosυ , θ , φ, η, υ can be got by 
the following⎧⎪⎪⎨
⎪⎪⎩
t − τ = T sin θ/2
t − τ1 = T sinφ/2
t = T sinη/2
t − τ − τ1 = T sinυ/2
(15)
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4. The detection probability for moving targets using Swerling 
models
This section discusses the radar detection probability for mov-
ing targets using Swerling I and III models. This work was ﬁrst 
analysed by Marcum. Swerling extended Marcum’s work to ﬁve 
distinct cases that account for variations in the target cross sec-
tion. The main problem involving moving objects is its detection, 
which in turn lowers the signal-to-noise ratio (SNR). More details 
can be found in Ref. [16].
For Swerling I model Rayleigh probability distribution function 
is as follows
f (σ ) = 1
σ
exp
(
−σ
σ¯
)
, σ ≥ 0 (16)
where σ¯ is the average cross section value. For Swerling III type of 
target Rayleigh probability distribution function is expressed as
f (σ ) = 4σ
σ 2
exp
(
−2σ
σ¯
)
, σ ≥ 0 (17)
As is known, the radar probability of detection (PD ) is a function 
of radar the SNR, threshold multiplier and false alarm probability 
Pfa . For the Swerling I model, we have
Pfa = 1− 1(VT ,n − 1) (18)
PD =
⎧⎪⎪⎪⎨
⎪⎪⎪⎩
exp[−VT /(1+ SNR)], n = 1
1− 1(VT ,n − 1)
+ (1+ 1n·SNR )n−11( VT1+ 1n·SNR ,n − 1), n > 1
×exp[−VT /(1+ n · SNR)]
(19)
where VT is the threshold voltage when noise alone is present in 
the radar, n is the number of pulses, 1(x, N) =
∫ x
0
exp(−v)vN−1
(N−1)! dv is 
called as incomplete gamma function. For instance, if Pfa = 10−6, 
n = 1, 10, 50, 100, the relationship between detection probability 
PD and SNR is shown in Fig. 4.
The radar detection probability for Swerling III model can be 
written as
PD = exp
( −VT
1+ n · SNR/2
)(
1+ 2
n · SNR
)n−2
× K0,
n = 1,2 (20)
where K0 = 1 + VT − 2(n−2) . When n > 2, we have1+n·SNR/2 n·SNRFig. 5. Probability of detection versus SNR for Swerling III type target.
PD = V
n−1
T exp(−VT )
(1+ n · SNR/2)(n − 2)! + 1− 1(VT ,n − 1)
+ K0 × 1
(
VT
1+ 2/n · SNR ,n − 1
)
(21)
Fig. 5 shows the probability of detection as a function of SNR for 
different number of pulses where Pfa = 10−9 in Swerling model III.
5. Amplitude, phase and frequency error analysis for the 
probability of detection
Due to the coherent wave interference principle, the radar echo 
is completely cancelled out when Eq. (22) are satisﬁed as follows 
[13]{
a = 0
ϕ = (2k + 1)π
 f = 0
(22)
where k is an integer, a is the amplitude error, ϕ is the phase 
error, and  f is the frequency error. However, there must be some 
errors in practical application. When τ and τ1 satisfy some spe-
cial conditions, the radar echo is cancelled by the interference 
wave, otherwise the radar echo is strengthened. Next, we will dis-
cuss the conditions which satisfy the cancellation.
Let aRCS = 1 and ϕRCS = 0 as the simpliﬁed form, then the radar 
echo signal can be written as
Se(t) = S(t) + SC (t) (23)
Substituting Eqs. (11)–(14) into Eq. (23), we can obtain the ex-
pressions of the LFM and NLFM echo signal which are shown in 
Table 2.
Considering the effect of amplitude, phase and frequency error 
on the probability of detection, the real signal normalized gain can 
be expressed as
βdB = 20 lg
[∣∣1+ (1+ a) cos(2πft − ϕ + π)∣∣] (24)
Then we derive approximately the improved SNR from Eq. (24), it 
may be written as
SNRL = 20 lg
[∣∣1+ (1+ a) cos(2π f t − ϕ + π)∣∣ · |SNR|]
(25)
Substituting Eq. (25) into Eq. (19), Eq. (20) and Eq. (21), we can get 
the cancelled radar detection probability which involves the ampli-
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The expression of the echo signal for LFM and NLFM.
Window function Echo signal expression
LFM Se(t) = S(t){1 + aRCS exp[ j(ϕRCS + π)] exp(− jπμτ1τ)}
Taylor Se(t) = S(t)
{
1 + exp(− j BπT τ1τ )exp(− jBT∑Nn=1 A(n)n cos( nπT (τ − τ1)))
× exp( jBT∑Nn=1 A(n)n cos( nπT (τ + τ1 − 2T )))× aRCS exp[ j(φRCS + π)]}
LFM & Tangent-FM Se(t) = S(t)
{
1 + exp[ j BπT (1 − α)τ1τ ]× aRCS exp[ j(φRCS + π)]
× exp
[
j παBT2γ tan γ
(
ln
∣∣∣∣ 12
(
1−tan 2γ tT ·tan 2γT (t−τ−τ1)×cos 2γ tT (τ1−τ)
cos 2γ tT ×cos 2γT (t−τ−τ1)
)∣∣∣∣
)]}
Stepped Se(t) = S(t)
{
1 + exp( j π BLT τ1τ )exp( jπ BC T δ) × aRCS exp[ j(φRCS + π)]}
Table 3
Probability of detection versus SNR for Swerling I, n = 10.
SNR (dB) −10 −5 0 5 10 15 20 25 30
PD (%) 0.019 0.985 16.105 53.539 81.648 93.740 97.971 99.353 99.795
Table 4
Probability of detection versus SNR for Swerling III, n = 10.
SNR (dB) −10 −5 0 5 10 15 20 25 30
PD (%) 0.000 0.016 3.920 45.516 87.644 98.341 99.817 99.981 99.998Fig. 6. Detection probability versus amplitude error for Swerling I.
tude error, phase error and frequency error. If we take ϕ = 0 and 
 f = 0, then the improved SNR versus a becomes
SNRL−a = 20 lg
[|a| · |SNR|] (26)
Let n = 10, SNR=30 dB. From Table 3 and Table 4, the detection 
probability for Swerling I and Swerling III are PD−I ≈ 99.795% and 
PD−III ≈ 99.998% respectively.Fig. 7. Detection probability versus amplitude error for Swerling III.
Putting Eq. (26), Eq. (19) and Eq. (21) together, we acquire the 
cancelled radar detection probability versus amplitude error a
which is shown in Fig. 6 and Fig. 7. The results are also shown 
in Table 5 and Table 6.
From Table 5, we can ﬁnd PD−I ≈ 99.795% when n = 10, 
a = 1. That is to say, the radar detection probability will decrease 
when the amplitude error satisﬁes 0 < a ≤ 1, we call it partial 
cancellation under this circumstance. If a > 1, the radar detection Table 5
Detection probability versus amplitude error for Swerling I, n = 10.
a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
PD (%) 81.648 95.014 97.748 98.946 99.183 99.432 99.582 99.680 99.747 99.795
Table 6
Detection probability versus amplitude error for Swerling III, n = 10.
a 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
PD (%) 87.644 98.931 99.775 99.927 99.970 99.986 99.992 99.996 99.997 99.998
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Table 7
Detection probability versus phase error for Swerling I, n = 10.
ϕ 1.41 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49
PD (%) 99.763 99.768 99.772 99.777 99.782 99.786 99.790 99.795 99.799
Table 8
Detection probability versus phase error for Swerling III, n = 10.
ϕ 1.41 1.42 1.43 1.44 1.45 1.46 1.47 1.48 1.49
PD (%) 99.998 99.998 99.998 99.998 99.998 99.998 99.998 99.998 99.999
Table 9
The relationship between ϕ and τ1, τ for LFM and NLFM.
Window function ϕ explicit expression
LFM ϕ = πμτ1τ
Taylor ϕ = BπT τ1τ + BT
∑N
n=1
A(n)
n cos
( nπ
T (τ − τ1)
)− BT∑Nn=1 A(n)n cos( nπT (τ + τ1 − 2T ))
LFM & Tangent-FM ϕ = Bπ(1−α)τ1τT + παBT2γ tan γ
(
ln
∣∣∣∣ 12
(
1−tan 2γ tT ·tan 2γT (t−τ−τ1)×cos 2γ tT (τ1−τ)
cos 2γ tT ×cos 2γT (t−τ−τ1)
)∣∣∣∣
)
Stepped ϕ = π BLT τ1τ + π BC T δFig. 10. Detection probability versus τ1τ phase error for Swerling I (B = 10 MHz, 
T = 50 μs, α = 0.5, n = 1 and BL = 15 MHz).
Fig. 11. Detection probability versus τ1τ phase error for Swerling III (B = 10 MHz, 
T = 50 μs, α = 0.5, n = 1 and BL = 15 MHz).
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probability will increase, then the radar echo will be strengthened. 
For the Swerling III, the same results may be obtained by taking a 
closer look at Table 6.
Likewise, if a = 0 and  f = 0, the improved SNR versus phase 
error ϕ will be
SNRL−ϕ = 20 lg
[∣∣1− cos(ϕ)∣∣ · |SNR|] (27)
Combining Eq. (27), Eq. (19) with Eq. (21), we obtain the can-
celled radar detection probability versus phase error ϕ . Fig. 8 and 
Fig. 9 show how the cancelled radar detection probability varies
with phase error. The results are also expressed in Table 7 and Ta-
ble 8, partly.
From Table 7, we may know PD−I ≈ 99.795% when n = 10, 
ϕ = 1.48. Therefore, the radar detection probability will decrease 
when the phase error satisﬁes 0 < ϕ ≤ 1.48. Otherwise, the radar 
detection probability will increase when ϕ > 1.48, and the radar Fig. 13. Detection probability versus frequency error for Swerling III (n = 10).
echo will be strengthened. For the Swerling III, the same results 
may be get through studying Table 8.
One the other hand, we can also calculate the relationship be-
tween ϕ and τ1, τ by using Table 2, the explicit expressions 
are shown in Table 9.
Suppose that there is only a phase difference of πμτ1τ in 
the LFM signal ( BπT τ1τ in the Taylor window shape NLFM signal, 
Bπ(1−α)τ1τ
T in the LFM and Tangent-FM signal, or 
π BL
T τ1τ in 
the Stepped NLFM signal). The phase errors of the LFM and NLFM 
signal are shown in Fig. 10 and Fig. 11.
In actual radar countermeasure, it is usually diﬃcult to detect 
target when the radar detection probability fell below 50%, and 
therefore there is no need to cancel the echo signal completely. 
From Fig. 10 and Fig. 11, we can conclude that the radar detec-
tion probability will decrease to 50% by controlling the delay time Fig. 14. The Simulink block diagram of simulation system.
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complete cancellation.
Finally, if we make a = 0 and ϕ = 0, the improved SNR ver-
sus frequency error  f is expressed as
SNRL− f = 20 lg
[∣∣1+ cos(2π f t + π)∣∣ · |SNR|] (28)
Substituting Eq. (28) into Eq. (19) and Eq. (21), we can get the 
cancelled radar detection probability versus frequency error  f . 
Fig. 12 and Fig. 13 show how the radar detection probability varies
versus frequency error.
From Fig. 12 and Fig. 13, we ﬁnd that the radar detection prob-
ability shows periodic change. The bigger the frequency error is, 
the shorter is the periodic. In addition, the inﬂuence of frequency 
error on active cancellation is more sensitive than amplitude error 
and phase error.
6. Simulation of the cancelling system
According to the above theory, simulation experiments are car-
ried out to verify the effect of active cancellation stealth for LFM 
and NFLM signal by using matlab/Simulink. The parameters are 
set as follows: LFM and NLFM signals carried impulse width is 
50 μs, bandwidth is 10 MHz, amplitude error (the ratio interfer-
ence to echo amplitude) is 0.4, frequency error 1 KHz, delay time 
is 2 μs. Fig. 14 shows the Simulink block diagram of the whole can-
celling system. The Simulink block diagram of the signal processing 
among the system is shown in Fig. 15. The simulation results are 
shown in Fig. 16 and Fig. 17.
The simulation results show that using the above cancelling 
system can reduce the echo gain. In a certain error conditions, the 
system still has a very high cancellation effect. From Fig. 16(b), the 
signal amplitude is decreased about 15 dB. From Fig. 17(b), the sig-
nal amplitude is also decreased about 18 dB. Even in those error 
cases, the system can cancel the target echo effectively.
7. Conclusion
The results presented here may be summarized as follows: the 
radar detection probability is controlled effectively and eﬃciently 
through interaction between the cancellation signal and echo sig-
nal. The simulation results also indicate that using the cancelling 
system can reduce the echo gain. Even though there exist some 
errors, the system still have very high interference effect. Simul-
taneously, active cancellation stealth provides an effective sup-
plement for the conventional stealth measures. Furthermore, us-Fig. 16. (a) Before cancelling echo signal for LFM; (b) After cancelling echo signal 
for LFM.
ing the radar detection probability, the extent of active cancella-
tion can be classiﬁed as partial cancellation, complete cancellation 
M. Yi et al. / Aerospace Science and Technology 46 (2015) 273–281 281Fig. 17. (a) Before cancelling echo signal for Taylor window shape NFLM; (b) After 
cancelling echo signal for Taylor window shape NFLM.
and strengthening echo. Compared with Refs. [13] and [22], our 
method is more convenient to estimate stealth effect and to con-
trol some parameter errors.
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